An antibiotic drug, d-cycloserine (CYS), in phosphate buffer at different pH values was electrochemically studied using a gold electrode. A well-resolved, irreversible, diffusion-controlled voltammetric peak was obtained at 0.873 V in a pH 9.2 phosphate buffer solution with an ionic strength of 0.2 M. The experimental conditions, such as the solution pH and scan rate, were optimized. The pH dependence suggested that equal numbers of protons and electrons were involved in the electrochemical oxidation of CYS. A plausible oxidation mechanism was proposed. Under the selected conditions, the dependence on the concentration of CYS revealed that the detection limit for CYS was 3.3 × 10 −8 M for differential pulse voltammetry and 4.91 × 10 −8 M for square wave voltammetry. The proposed method was successfully applied to the determination of CYS in drug capsules and urine samples. The electrode exhibits good reproducibility and stability. In addition, the influence of various foreign species was studied.
Introduction
d-Cycloserine, or d-4-amino-3-isoxazolidinone, is a broad-spectrum antibiotic used in the treatment of tuberculosis [1] . The most important property of dcycloserine (CYS) is its ability to inhibit the growth of Mycobacterium tuberculosis. CYS is produced by Streptomyces garyphalus and Streptomyces orchidaceous and is used primarily in the treatment of active pulmonary and extra-pulmonary tuberculosis [2] [3] [4] . It is also used as a therapy for urinary tract infections, anxiety disorders, depression, obsessive-compulsive disorder and schizophrenia. CYS is stable in aqueous solutions and is unstable in acidic and neutral solutions [5, 6] .
The capabilities and range of applications of differential pulse voltammetry (DPV) [7] and square wave voltammetry (SWV) [8, 9] techniques are well known and are widely utilized. The specific principles of these techniques enable a wide range of applications that continue to illustrate the usefulness and elegance of voltammetric analysis. Nevertheless, it is perhaps useful to occasionally reiterate the continuing importance of these techniques in modern analytical chemistry, and this is one of the purposes of this paper.
Through the ages, gold has primarily been valuable because of its physical properties of softness, ductility, corrosion resistance, density and scarcity. Gold has the third-best electrical and thermal conductivities of all metals at room temperature. Additionally, the high ductility and excellent wear resistance of gold are important for electrical contacts.
Only a few methods have been described for the determination of CYS [10] [11] [12] [13] [14] [15] [16] [17] . All of these methods are either chromatographic or spectrophotometric. Attempts have been made to confirm the performance of these methods in the determination of CYS and related substances. The major problems encountered in using such methods are either the need for derivatization or the need for timeconsuming extraction procedures. Because CYS is often used to treat tuberculosis, its analysis requires relatively simple or classical techniques.
Voltammetric methods [18] satisfy many of the requirements for this analysis particularly because of their inherent specificity, rapid response, high sensitivity, low cost, simplicity and relatively short analysis time. To the best of our knowledge, there have been no reports on the development of voltammetric detection of CYS at a gold electrode. Here, a gold electrode was applied for the first time to the determination of CYS in biological fluids and pharmaceutical formulations.
Experimental

Apparatus and reagents
A Model 630D electrochemical system (CH Instruments Inc., USA) was employed for the electrochemical measurements. A standard three-electrode electrochemical cell was used; the cell consisted of a gold working electrode with a surface area of 0.0956 cm 2 , an auxiliary electrode of platinum (Pt) wire and an Ag/AgCl/saturated KCl reference electrode. All of the pH measurements were made with an Elico LI120 pH meter (Elico Ltd., India). All experiments were performed at an ambient temperature of 25 ± 0.1 • C.
All reagents were analytical grade and were used as received. Millipore water was used for all preparations. CYS was purchased from Sigma-Aldrich. A stock solution (1.0 × 10 −3 M) of CYS was prepared with Millipore water and was stored at 4 • C. Capsules containing CYS were purchased from a local pharmacy. Phosphate buffers with pH values from 3.0 to 10.4 were prepared in Millipore water as described by Christian and Purdy [19] .
Area of the electrode
The area of the electrode was calculated using 1.0 mM K 3 Fe(CN) 6 as a probe at different scan rates.
For reversible processes, the Randles-Sevcik formula was used [20] :
where i pa refers to the anodic peak current, n is the number of electrons transferred, A is the surface area of the electrode, D 0 is the diffusion coefficient, υ is the scan rate, and C 0 is the concentration of K 3 Fe(CN) 6 . For 1.0 mM K 3 [Fe(CN) 6 ] in 0.1 M KCl electrolyte, n = 1 and D 0 = 7.6 × 10 −6 cm 2 s −1 , so the surface area of the electrode was calculated to be 0.0956 cm 2 from the slope of the plot of i pa as a function of υ 1/2 .
Preparation of pharmaceutical and urine samples
Cyclorin capsules containing CYS (250 mg/capsule) were ground to a homogeneous fine powder in a mortar. A suitable amount of this powder was weighed and was treated with Millipore water for 30 min; the mixture was then filtered. The solutions obtained from the filtration were diluted to 100 ml with Millipore water. Aliquots of this solution were analyzed under the calibration conditions. Voltammograms were recorded as described for pure CYS.
The urine samples were collected from healthy humans and were diluted 100-fold with the phosphate buffer solution before analysis without further pretreatment. Quantitative determination can be performed by adding a standard solution of CYS to the detection system with the urine sample.
Results and discussion
Voltammetric behaviour of CYS
The oxidation of CYS at a GE was studied by cyclic voltammetry (CV) in a supporting electrolyte of 0.2 M phosphate at pH 9.2. The cyclic voltammogram obtained for a 1 mM CYS solution at a scan rate of υ = 50 mV s −1 (Fig. 1) shows one anodic peak at 0.873 V. On scanning in the negative direction, a reduction peak was observed; as in previous studies, this peak corresponds to the reduction of gold oxides [21, 22] and demonstrates that the oxidation of CYS is an irreversible process. The decrease in the oxidation current observed in successive scans might be caused by the adsorption of CYS or its oxidation products on the GE surface. Therefore, the voltammograms were usually recorded for the first cycle. 
Effect of pH
Phosphate buffer solution was selected to be the supporting electrolyte in the search for the optimal pH value for the analyte. The pH range investigated was from 3.0 to 10.4 ( Fig. 2A) . For CYS, the peak potentials were found to shift towards negative potentials as the pH increased. This shift revealed that the pH of the supporting electrolyte exerted a significant influence on the electrooxidation of CYS at the GE. The plot of the peak potential as a function of pH gave a slope of 58 mV pH −1 (Fig. 2B) , which is close to the expected value of 59 mV pH −1 [23] [24] [25] . From this value, we determined that the number of electrons and protons participating in the electrode process are equal, i.e., during the reaction, both electrons and protons are released from the molecule. The pH 9.2 phosphate buffer gave the best response in terms of the peak current and peak shape. Hence, a pH of 9.2 was employed for all further experiments (Fig. 2C) .
Effect of scan rate
The effect of scan rate on the peak current and peak potential of CYS was investigated. For this investigation, we recorded linear sweep voltammograms (LSV) of 1 mM CYS at a GE at scan rates from 50 to 450 mV s −1 (Fig. 3A) . The peak potential (E pa ) for the oxidation of CYS increased as the scan rate increased. This response is expected for an irreversible electrode process. A linear plot of I pa as a function of υ 1/2 ( Fig. 3B) indicates that the oxidation of CYS at the GE was diffusion-controlled [26] .
For CYS, a plot of logarithm of peak current as a function of the logarithm of scan rate gave a straight line with a slope of 0.41; this value is close to the theoretical value of 0.5 [27, 28] , which indicates that an ideal reaction is a diffusion-controlled electrode process (Fig. 3C) [29] . For an irreversible electrode process, according to Laviron [30] , E pa is defined by the following equation:
where α (alpha) is the transfer coefficient, k 0 is the standard heterogeneous rate constant of the reaction, n is the number of electrons transferred, υ is the scan rate, and E 0 is the formal redox potential. Other symbols have their usual meanings. Thus, the value of αn can be easily calculated from the slope of E pa as a function of log υ. In this system, the slope is 0.057; using T = 298 K and Scheme 1. Plausible mechanism for the electrooxidation of CYS at a GE.
substituting the values of R and F, αn was calculated. According to Bard and Faulkner [31] , α can be given as
where E pa/2 is the potential when the current is at half the peak value. From this relation, we obtained the value of α. Furthermore, the number of electrons (n) transferred in the electrooxidation of CYS was also calculated from LSV to be 2.21 ≈ 2.
Mechanism
The results demonstrate that CYS oxidation is a twoelectron two-proton process. A plausible mechanism is shown in Scheme 1. Thus, it seems reasonable to conclude that two molecules of CYS lose two protons and two electrons in the oxidation process to form free radicals (a). Thus formed, the two free radicals rapidly dimerize to give the corresponding dimer (b). In the presence of OH − , the cycloserine dimer forms the serine (c) and N 2 (d) products.
Calibration curve and detection limit
To obtain an analytical curve for the sensor, quantitative analyses of the CYS concentration were performed by SWV and DPV at a GE under the optimized experimental conditions. For increasing amounts of CYS, both DPV and SWV showed that the peak current increased linearly with increasing concentration (Fig. 4A and B) . The limit of detection (LOD) and limit of quantification (LOQ) were calculated (Table 1) , using the following equations:
where s represents the standard deviation at the peak current (n = 5), and m is the slope of the calibration curve. DPV was more sensitive than SWV and had a good correlation coefficient, a wide linear range and a lower LOD. This method was also better than other classical methods reported [10] [11] [12] [13] [14] [15] [16] [17] .
Reproducibility
To study the reproducibility of the electrode, a 1.0 × 10 −6 M CYS solution was measured with the same electrode every few hours over the course of a day, and the R.S.D. of the peak current was 0.98% (n = 5). If the temperature was kept almost constant, the day-to-day reproducibility was similar to that within a single day. After repeated use (more than 50 times) for several days, the response of the GE decreases a little because of the oxidative product of the CYS adsorbs to the electrode surface. These results indicate that the electrode has good reproducibility and stability.
Determination of CYS in pharmaceutical samples
This method was applied to the determination of CYS in capsules. As shown in Table 2 , the content of CYS was calculated to be 248.2 mg/capsule (the nominal content is 250 mg/capsule). To validate and obtain the precision and accuracy of the developed method, recovery studies were performed at different drug concentrations by the standard addition method. For this study, known quantities of CYS were mixed with definite amounts of pre-analyzed formulations and the mixtures were analyzed as before. Table 2 shows the measurement results, and the average recovery was 98.9%.
Determination of CYS in urine samples
The applicability of DPV to the determination of CYS in spiked human urine samples was investigated. The recoveries from human urine were measured by spiking drug-free urine with known amounts of CYS. A quantitative analysis can be performed by adding a standard solution of CYS to the detection system for a urine sample. The calibration graph was used for the determination of the spiked CYS in the urine samples. The detection results, including recovery percentage and RSD, for three urine samples are listed in Table 3 .
Interference studies
Interference was evaluated in the presence of various substances that are usually found in the pharmaceutical tablets and formulations. For these investigations, the interfering species were added at various concentrations (a hundred fold) higher than the concentration of CYS (1 × 10 −6 M). The addition of filler materials (sucrose, lactose, glucose and maltose), disintegrating agent (starch), organic species (ascorbic acid, l-aspartic acid) and adhesive, such as gum acacia, caused no significant effect on the DPV response for CYS. The influence of some cations (Mg 2+ , Cu 2+ , Al 3+ , Fe 3+ , K + ) and anions (Cl − , CO 3 2− , NO 3 − ) were studied, and the results indicated that these ions did not influence the determination of CYS. Hence, this compound may need not to be extracted from these capsule additives prior to its determination in capsules.
Conclusions
The voltammetric behaviour of CYS at a GE in a phosphate buffer solution (pH 9.2) was investigated. CYS undergoes a two-proton two-electron change through a diffusion-controlled process. A suitable mechanism was proposed. The peak current was linear with CYS concentration over a certain range, under optimized conditions, and DPV had a better detection limit of 3.3 × 10 −8 M. The proposed method was successfully applied to capsule and urine samples. The recoveries obtained for pharmaceutical formulations and urine samples show the applicability of these techniques to control analysis for these drugs.
